Jt has been proposed recently that measuring the flow convergence region proximal to an orifice, as imaged by Doppler color flow mapping, can provide a means of calculating regurgitant flow rate. This method assumes that fluid converges uniformly and radially toward an orifice that is small relative to the proximal chamber, forming concentric isovelocity layers (Fig 1) .1,2 For orifices that are circular or small relative to the region of acceleration, these isovelocity surfaces are hemispheric. The color flow map allows us to measure the radius of such a surface because it displays the distance from the orifice at which velocity first aliases at a given Nyquist limit. The flow through this isovelocity surface then can be calculated by multiplying the area of the surface by the aliasing velocity. This flow rations,1-16 this approach is difficult to validate clinically because there is no ideal gold standard for quantifying regurgitant volumes in patients. However, this method also can be used to derive cardiac output or flow rate proximal to stenotic orifices and therefore to calculate their area by the continuity equation as area equals volume flow rate divided by flow velocity. In particular, this proximal convergence region can be visualized easily in patients with mitral stenosis (Fig 2) . Applying the flow convergence method in mitral stenosis would provide a unique way of validating the underlying concept because the predicted mitral valve areas could be compared with those measured directly by planimetry. This continuity method also would have the advan-DISTAL First alias PROXIMAL FIG 1. Schematic diagram of the proximal flow convergence region for a circular orifice. In the proximal chamber, streamlines offlow are shown approaching the orifice. The points at whichflow has the same velocityform concentric hemispheric isovelocity contours. These can be visualized by Dopplerflow mapping because the display changes color when velocity exceeds the selected aliasing velocity. The area of this isovelocity surface is 2,ir2, where r is the distance from the orifice to the first alias encountered by flow as it accelerates toward the orifice. 
Measurements and Calculations
In mitral stenosis, flow cannot approach the orifice equally from all directions but is confined by the stenotic leaflets to a proximal funnel region (Fig 2) . Therefore, as an initial approximation, we treated the flow convergence region as a wedge or sector of the flow convergence region for orifices in a flat plate and empirically modified the flow calculation by an angle correction factor that expresses the restriction imposed by the inlet funnel. This factor is the funnel angle a divided by 1800, the inflow angle without such restriction (Fig 3) . This treats the two stenotic leaflets as restricting flow most acutely in one direction-and much less so in an intersecting dimension parallel to the major axis of the orifice-as an initial approximation consistent with echocardiographic observations. This angle correction factor accounts for the fact that if the leaflets were laid out flat, they would allow flow to converge toward the orifice over an arc of 1800 in any direction, whereas in mitral stenosis, flow can converge toward the orifice over an arc of only a degrees. A theoretical rationale for the reasonability of this factor, which corrects for the solid angle subtended by the leaflets, is provided in the "Appendix," and recent experimental reports have confirmed its applicability in vitro. 22, 23 We have shown previously that flow through both elliptical and circular orifices of equal area can be calculated by the same 2mT2 formula, where the radius r of flow convergence is measured along the central axis of flow at a low aliasing velocity (far from the orifice). 7 The maximal radius of the proximal flow convergence region was measured in early diastole from the first aliasing boundary to the tips of the mitral valve in a direction parallel to that of flow (Fig 2) . The funnel angle a containing the flow convergence region was measured in the same frame using an off-line analysis system. Peak forward mitral flow rate was obtained as the product of (2irr2) x (the angle a/180) x (the aliasing velocity). Mitral valve area was then calculated by continuity as peak forward flow rate divided by peak inflow velocity from the continuous-wave Doppler tracing. The radius, angle, and peak velocity were measured and averaged in 5 beats for patients in sinus rhythm and Two independent observers repeated 10 measurements of the radius, angle, and peak inflow velocity measurements. Interobserver variability was calculated as the standard deviation of the differences of their measurements. Similarly, one observer repeated the measurements to determine intraobserver variability.
Results

Patient Studies
In the 40 patients studied, mitral valve area by planimetry ranged from 0.5 to 2.2 cm2 with a mean of 1.2±0.4 cm2. The radius of the proximal convergence region ranged from 0.6 to 1.9 cm (mean, 1 Mitral valve area by the proximal flow convergence method agreed well with direct planimetry (y=1.08x -0.13, r=.91, SEE=0.21 cm2) (Fig 4 and 
Flow Convergence and Proximal Geometry
The results of this study validate the flow convergence concept by demonstrating that it can be used to calculate mitral orifice area by continuity in patients with mitral stenosis. The results agree well with three independent measurements of orifice area: direct planimetry, the Doppler pressure half-time method, and the Gorlin equation in patients who underwent catheterization. The results also point out the need to account for geometry proximal to the orifice in applying the flow convergence method. Without correcting for the angle of the inflow funnel, the area would have been overestimated by up to 100%. The effect of inflow angle has not been addressed previously and is also likely to be important in assessing flows through regurgitant orifices within a nonplanar leaflet geometry surrounding the orifice. (Because the same form of inflow angle correction was used for all patients, the basic r2 dependence of the proximal flow calculation could be confirmed by the results.) The observed applicability of flow convergence principles in the nonplanar setting is also consistent with theoretical predictions based on a finite difference solution of the basic Navier-Stokes equations describing fluid flow ("Appendix"; Fig 6) 40 In mitral stenosis, however, flow rate varies relatively slowly after its early diastolic peak, minimizing this variability. (The color frame update rates of 10 to 20 Hz used, at a typical heart rate of 80, provided approximately 5 to 10 frames during diastole to observe the flow convergence region.)
Potential variations in leaflet geometry proximal to the orifice may not always be accounted for completely by the simple angle correction used. In this regard, it is worth noting that the continuity equation, in principle, predicts effective orifice area at the vena contracta, where velocity is highest, as opposed to the anatomic orifice area, which is generally somewhat larger.41 In this study, however, the continuity and planimetered (anatomic) values coincided well. A potential explanation for this is that milder restriction of the converging flow by the leaflets in planes perpendicular to the measured funnel angle was not taken into account, causing a mild overestimation of flow rate and predicted area. In the end, however, the empirical modification used provides good agreement with planimetered values in the clinical application studied. . In each case, the isovelocity contours (approaching the orifice) are 2, 5, 10, 20, 50, and 100 cm/s. On the right, the velocity field is constricted by a funnel-shaped geometry that forces the isovelocity contours away from the orifice. The stepped shape of the angled walls is a consequence of the finite-difference modeling software; this feature will tend to increase boundary effects. Despite this, the angle-corrected hemispheric approach is applicable and would therefore be even more likely to hold for smoother surfaces. The solid angle subtended by such a circumferentially limitingfunnel is 2X (1 -cos r) , where r is the angle between the central axis and the funnel wall.
Other Considerations
Although each measurement of mitral valve area used for comparison has its limitations, the agreement of flow convergence results with three independent methods provides stronger support in the clinical context. Other reports also have shown initial success with this method for calculating flow across an orifice with an angled inlet in vitro,2223 for calculating mitral valve area in patients,42 and for calculating effective regurgitant orifice area both in vitro and in vivo. 43 Although the flow convergence method, like all conventional methods, currently reports only one value for area, it makes no assumption that area must be constant during the cycle or with changing pressure gradients because it uses data corresponding to the same point in the cardiac cycle to obtain a maximal area. Finally, although the hemispheric flow convergence equation for flow rate (with inlet angle modification) can be most simply derived mathematically for inviscid flow, the "Appendix" and another recent study14 show that the same formula effectively holds for viscous flow as well. (The other study showed little change even with viscosities 100-fold greater than the physiological.14) Therefore, the formula used is compatible with empirical results and can be understood in terms of theory that includes physiological viscosity.
Summary
The proximal convergence method allows accurate estimation of mitral valve area in mitral stenosis and is not influenced by superimposed mitral regurgitation. This application provides a unique opportunity for comparing predictions based on flow convergence with directly measured values-in this case, planimetered orifice areas -as well as with other independent measures of orifice area. Therefore, these results validate the proximal convergence concept in the clinical setting and also demonstrate that it can be extended to orifice area calculation using the continuity equation.
Appendix
For flow converging toward a point orifice, conservation of mass implies that velocity rises inversely with the square of the distance from the orifice. Previous work1,2 has demonstrated that, for an orifice in a flat plate, velocity accelerates with hemispheric symmetry, and the flow rate (Q) may be calculated by Q=2lwr2v, where 2wr2 is the area of a hemisphere of radius r and v is the observed velocity at the radius. If the orifice is situated in a nonplanar surface such as a funnel, one would expect the proximal convergence zone to be altered because the isovelocity contours cannot span a full hemisphere. To account for this alteration, flow would be calculated as Kr2v, where K is a geometry-dependent constant less than the 2,w used in the planar case. We hypothesized that Kr2 should equal the area of a hemisphere (2irr2) times the fraction of a hemispheric area subtended by the proximal leaflets and therefore available for flow. K would then equal the solid angle subtended by the funnel, which equals the solid angle of a hemisphere (21T) times the fraction of the hemispheric area subtended by the funnel walls.
To assess the plausibility of this correction factor, we obtained solutions to the Navier-Stokes equations (the determinants of viscous flow) for planar and funnel-shaped geometries. Commercially available finite-difference software for computational fluid dynamics was used (FLUENT, Fluent, Inc, Hanover, NH). An axisymmetric domain with a 2.5-cm radius and 2.5-cm axial length was defined using 2704 discrete nodes.
At the origin of the domain, an orifice with a 2-mm radius was created through which a flow of 44 cm3/s passed. Density and viscosity were physiological (1.05 g/cm3 and 3 cp, respectively). The proposed angle correction factor was tested in a worstcase situation in which convergence is limited circumferentially by the walls of a funnel; this creates the greatest opportunity for frictional effects to occur near those walls and create boundary layers that might distort the hemispheric contours and diminish the accuracy of the simple angle correction. Four geometries were tested, with the walls surrounding the orifice diverging from the central axis to create solid angles of 33%, 55%, 69%, and 100% of a hemisphere (2'rr). For each simulation, the constant K was calculated as that providing the optimal estimation of true flow rate in the equation Q=Kr2v. This was then compared with the solid angle subtended by the funnel. On the left, the orifice is in a planar surface, whereas on the right, the walls restrict flow to only 55% of a hemisphere. This constriction forces the isovelocity contours to be farther from the orifice for the same flow rate. In each panel, the isovelocity contours represent 2, 5, 10, 20, 50, and 100 cm/s (increasing as they approach the orifice). To calculate the true flow rate, it was necessary to decrease the constant K to 55% of 2ir, predicted precisely by the global geometry. For each of the four geometries studied, the calculation determined that the appropriate constant K to estimate flow by Kr2v was given by the solid angle fl subtended by the funnel (y=1.OOx+0.05, r>.99). Of note is that the boundary layers (the infoldings of the velocity contours near the walls, reflecting frictional slowing) do not distort the central contours; therefore, where r is measured, flow behaves as a portion of a hemisphere, and, in fact, just that portion dictated by the anatomic inlet angle. As flow increases, the relative importance of viscous effects becomes even lower, reinforcing the applicability of the angle-corrected hemispheric formulation. Although the finite grid size of finite-difference software cannot perfectly represent and may slightly underestimate boundary layers, it also creates a stepped shape of the angled inlet walls (Fig 6) that will tend to increase boundary effects. Nevertheless, the center of the flow field, where the flow convergence radius is measured, should be well represented by such a method. In addition, non-Newtonian effects on flow would be expected to be least in the region of concern near solid boundaries, where shear rate (dv/dy perpendicular to the wall) is greatest.
Results
Application
For two leaflets separated in a plane by an angle of a degrees, the portion of a hemisphere available for proximal converging flow between them is a divided by 180, since 1800
gives a full hemisphere. Therefore, as shown above, Q=(the solid angle subtended by the leaflets) x (r2)=(the solid angle of a hemisphere times the portion of a hemisphere available for flow) x (r2)=21Tr2 (a/180). This is the empirical formula used in the clinical study, which is therefore also reasonable on theoretical grounds.
Flow Pulsatility
In the clinical study, r was measured at or near the time of peak flow rate, when dv/dt=0, so that steady-flow derivations are applicable. In pulsatile flow, boundary effects that could alter the isovelocity contours should, in fact, be even lower than in steady flow because it takes time for frictional effects to propagate from the walls toward the main flow stream where r is measured. This time can be assessed by the viscous diffusion time (characteristic length squared of the region of interest/kinematic viscosity); for a typical mitral flow convergence region of 1 cm and viscosity of 3 cp, this can be estimated as 33 number applies to pulsatile flow in long tubes, the diffusion of viscous effects should be less of a problem in flow entering through an inlet wider than the orifice than for flow in a long tube without an initially wider inlet.) Pulsatility therefore tends to reinforce the applicability of the above angle-corrected hemispheric formulation.
